A new gas filter correlation spectrometer (GASPEC), for the remote detection of trace vapors in the atmosphere by means of natural emission in the ir, is described. Unique optical features of the GASPEC include two detectors using a single focal plane chopper plus an optical reference for electronic gain balancing. Continuous sensor balance and calibration are achieved along with the source radiometric and target gas information. Several GASPEC instruments have been built and tested including devices to sense CH 4 , C 2 H 6 , HC1, and CO. Some preliminary data taken with these sensors are presented.
Introduction
The increasing awareness of the complex processes involved in environmental phenomena has led scientists to a closer examination of the behavior of trace vapors in the atmosphere. Trace vapors have origins either due to natural mechanisms or the polluting activities of man. They result from natural sources such as biological decay, volcanoes and gas seeps, and such anthropogenic sources as stack plume emissions, automotive exhaust, and aerosol propellant gases.
In cases where large regional mapping of trace gases in the atmosphere is required, it is desirable and cost effective to consider remote sensing techniques. A variety of remote sensing instrumentsl- 7 taking advantage of optical spectroscopic techniques have been developed to detect gases in the atmosphere. The remote sensing approach has been used for many years by workers studying the ozone layer, 8 airglow, and aurora 9 in the earth's upper atmosphere. One of the most important applications of modern spectroscopic remote sensors has been measurements made from satellite platforms, even though most of the sensors developed for these experiments could also be used from other platforms such as aircraft, surface vehicles, or stationary locations.
The ir spectral wavelength region has been much used for sensing a wide variety of atmospheric trace gases. In this paper we discuss briefly some aspects of remote vapor sensing in the thermal ir, and we introduce a new remote sensing instrument for making such measurements. Finally, we discuss briefly some data taken with this new sensor.
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Radiative Transport in the Atmosphere
The thermal ir spectral region is where many fundamental vibration-rotation bands are found, and the absorption and emission of radiation in this spectral region will be discussed briefly. Several workers 10 - 13 have recently discussed theoretical modeling of radiative transfer in the atmosphere, and more detailed descriptions of these models may be found in the literature.
If the atmosphere is assumed to be nonscattering and in local thermodynamic equilibrium, one may write for the radiance reaching a downward looking sensor at height hm (1) where e is the spectral emissivity at wavenumber P. B is the Planck radiance from the surface s whose temperature is T The transmittance Tr of the intervening atmosphere A reduces the amount of radiance reaching the sensor. The second term represents the integrated emission that reaches the sensor from the atmosphere between the surface and the sensor. For an upward looking sensor only the second term of this equation would be needed to describe the emitted radiance, since in this case the background radiance would be the negligible radiance from cold space.
1(V) = E(v)B,(vT)'Tr(v, h,) + B[v, T(h)] ar(v, h)dh,
A more precise formulation of radiation transfer in the real atmosphere requires consideration of scattering and emission from particulate matter and clouds, and for downward looking sensors one must also consider the radiation reflected from the earth's surface. These effects are difficult to treat theoretically, although some complicating factors have been considered. Reviews of these problems and summaries of recent work have been published. 1 3 1 4 The error in-troduced due to neglecting scattering is far less severe at the ir emission wavelengths than at the shorter wavelengths of the visible or uv so that for this reason the longer wavelength region is preferred. However, as will be pointed out in the following section, the emission signal is quite strongly dependent on the atmospheric temperature. Thus in order to evaluate quantitatively the amount of target gas in the sensor field of view in the emissive ir region, it is necessary to in some way gain knowledge of the atmospheric temperature profile at the trace vapor level in the atmosphere, or alternatively, measurements must be made in such a manner that these thermal effects can be discriminated against.
Molecular Spectroscopy of Remote Sensing
The fundamental vibration-rotation bands of the majority of pollutant gas molecules appear in the thermal ir spectral region and consist of a distribution of separate lines whose locations provide unambiguous fingerprints of the target molecule in question. It is the sum of the strengths of the lines detected by a remote sensor that leads to the quantitative determination of gas burden in the sensor field of view.
The line shapes of trace vapors in the lower troposphere are primarily determined by collisions, and for this reason line emissivities can often be reasonably well described using a Lorentz line profile as follows:
This formulation neglects effects due to induced emission, a reasonable assumption at ambient atmospheric temperatures. a is the width of the line at half of its maximum value, vo is the line center frequency, and Sm is the integrated line strength. Both a and Sm are functions of atmospheric parameters. The line width dependence may be described as follows:
where cro is the line width at pressure Po and temperature To. It is often found by experiment that n = 1 and m = 0.5 are good approximations. The integrated line strength Sm of a diatomic molecule can be defined15 1 6 in terms of the integrated band strength Sb at an effective vibration frequency i as
where E(J) is the rotational energy above the ground state energy of line m, F(m) is the vibration-rotation interaction correction term, and QJ(V",T) the rotational partition function sum of the initial vibration state V". The band strength in turn can be expressed 1 5 1 6 as follows:
h and c have their usual meaning, Rv V' is the vibrational matrix element for transitions between initial and final vibrational states V" and V'. N,, is the number of molecules cm-3 at 300 K in the initial vibrational state. We have again neglected the effect of induced emission. Similar expressions are reported for the more complex polyatomic molecules.' 6 Although several terms in the above expressions for line strengths are environment dependent, in the case of the low energy levels for the molecular state of the fundamental vibration-rotation bands of molecules in the earth's lower troposphere, the thermal and pressure dependences in the above expressions are not strong. The weak temperature dependence of the integrated band strengths of the vibrationalrotational system have been described. 17 The dominant temperature term in the energy reaching the sensor derives from Eq. (1), according to the Planck function.
Instrumental Techniques of Remote Sensing
Remote sensors may be classified as active or passive according to whether they require an artificial source. -Although many good active source remote sensors have been described, we are here concerned with passive remote sensors, which use natural sources of radiation.
Several instrumental techniques have been used to make passive remote measurements of trace gases in the earth's atmosphere. These have included conventional spectrometers and interferometers as well as the generally more sensitive and specific sensors using correlation techniques. These correlation sensors are more sensitive since they are dedicated to repeatedly measuring only selected spectral samples where the target gas has a strong signature. Correlation sensors include dispersive, 3 interferometric, 6 and nondispersive gas filter correlation devices. 2 " 8 s The instrument to be described here is a nondispersive gas filter correlation spectrometer (GASPEC) that was developed initially for use as an airborne remote sensor for sensing vapor plumes near the earth's surface. The sensor has found additional applications as an upward looking device, and other viewing geometries are being explored.
Gas Filter Correlation Spectrometer (GASPEC)
The nondispersive analyzer, or gas filter correlation spectrometer, has been in use for many years. Luft1 9 described an early version of this device, and several workers have since used similar systems. 18' second cell, the reference gas cell, contains a spectrally inactive gas. The optical depth of target gas in the sample cell is optimized for a maximum product of the modulation of target gas energy and average transmission. Incoming radiation characteristic of the target gas is selectively filtered by being absorbed in the sample cell, but is readily transmitted through the reference cell. Therefore the radiance transmitted through the sample cell is largely independent of the presence of target gas signature in the received spectrum, whereas the radiance transmitted through the reference cell is strongly dependent upon the presence of the target gas. The difference in spectral transmittance between the two cells is thus a sensitive indicator of the amount of target gas signature in the radiation received by the sensor.
Gas filter correlation spectrometers described previously have used single detectors, and the differential transmittance was derived by time sharing the incident energy through the two gas cells. The time sharing design has two potential problem areas when used for high sensitivity detection from a downward looking fast moving platform, or other viewing geometries where the source radiance changes rapidly. The necessary thermal stability of such designs is difficult to achieve, since they are generally aperture chopped systems with the aperture and chopper imaged onto the detector, so that changes in the chopper correlate with spatial responsivity differences at the detector creating error signals. Second and more fundamentally, the time share systems must either chop very quickly (not easy for large aperture) or use image motion compensation so as to avoid scene radiance changes as the sensor footprint moves.
A unique feature of the device to be described here (GASPEC) is the use of two detectors that receive amplitude shared source signals at the source chopping frequency. This arrangement makes the two gas cell arms insensitive to thermal radiation originating within the instrument. This is due to the optical configuration where the chopper is located near the sensor field stop. Only radiance originating at the reference DI objective lens contributes coherently with radiance originating outside the sensor. Because of the low lens emissivity, only a small amount of radiation is emitted, and the flat spectral character of this radiation does not correlate with the sample gas transmission spectrum. Thermal changes within the instrument are thus overcome. In addition, the use of a common field stop and chopper results in simultaneous sampling of source radiance through both sensor arms. This enables the sensor to operate effectively even in the presence of rapidly changing source radiance. Radiance from two internal blackbodies at two different temperatures is alternately chopped to generate a constant reference sighal. This reference signal is at a different frequency from the source signal, but at a fixed frequency ratio with respect to the source frequency due to the use of a single reflective chopper disk with a double set of annular holes. The reference signal and the source signal are optically combined and then follow a common path through the sensor to the detectors. Coherent detection is employed to separate electronically the two signal frequencies. The reference signals derived from the detectors are fixed to a constant ratio to provide a precise and continuous optoelectronic gain stabilization.
An additional feature of the GASPEC design is the use of a further adjustable reference blackbody. During the half-cycle when the source radiance is blocked by the chopper, the reflective inner side of the chopper views radiance from this blackbody. This blackbody may be adjusted in temperature until its radiance is comparable to the source radiance. This greatly facilitates the operation of the electronics signal processing by keeping the chopper radiance to a minimum. A knowledge of the temperature of this blackbody provides a convenient calibration for the incoming signal.
The GASPEC optical layout is shown in Fig. 1 . Source radiance enters the sensor via objective lens Li. The size of the objective is determined by the desired sensor field of view. Radiance from a distant 
Optical layout of GAS-
A relays lens L2 images the objective lens at the aperture stop. L2 also images the sensor field stop through the interference filter IF and the gas cells onto the field lenses L4 and L5 via the beam splitter BS2. The field lenses image the aperture stop and the objective onto the detectors thus avoiding imaging any scene hot spots onto the detectors. A second relay lens L3 images via beam splitter BS1 the reference stop onto the field lenses coincident with the sensor field stop.
The target gas output signal AS from GASPEC may be written as the difference in the source signals Si and S 2 from the two gas cell detector-amplifier arms: (6) where AC is the system 6tendue, ro is the spectrally constant part of the sensor optical transmission and also includes the chopper efficiency, I () is the incoming source radiance described by Eq. (1), F(v) the normalized spectral isolation filter function, rc is the normalized transmission through the sample gas cell, and c2 is the transmission through the spectrally inactive gas cell.
The GASPEC is balanced and insensitive to noncorrelating radiance changes when S = S 2 (in the absence of target gas radiance). The electronic signal processing maintains this balance and is described in the next section. The radiometer output Si can be interpreted in terms of the background source effective temperature.
The output signal in Eq. (6) describes the instrument response. Several points can be made regarding this response. First, it is fully multiplexed, that is, all wavelengths are in phase at the detectors.
Thus there is no signal power cancellation due to phase shifts of different wavelengths of radiation, as occurs, for example, in an interferometer, and so. GASPEC does not suffer these multiplex disadvantages. Second, the device has a large Jaquinot or 6t-endue advantage, since the gas cell that determines the resolution limit has none of the spectrometer or interferometer angular restrictions, and the diameter of the gas cells may be large without great expense or technical difficulty. The tendue limitation is governed by the required optical thickness in the sample cell, by the imaging optics, and by the interference filters. Also, the spectral resolution of GASPEC is high, being governed by the absorption line width of the gas in the sample cell. Thus for most tropospheric remote sensing situations the resolution is well matched to the width of the lines to be detected. Finally chopping may, be carried out at any convenient frequency to match the detector responsivity requirements. Figure 2 illustrates schematically the GASPEC electronic signal processing. The optoelectronic gain balancing and stabilization are achieved by synchronously detecting the frequency and phase of the signals derived from the two internal reference blackbodies and holding these reference signals at a fixed ratio for the detector pair. It is straightforward to show that by maintaining a fixed ratio for the signals from the reference blackbodies, by means of a feedback loop, one maintains a zero response in the presence of noncorrelating radiance. This null is maintained for detector and electronic gain changes as well as optical gain changes within the loop. Only correlating radiance (i.e., target gas derived radiance) upsets this balance and provides the desired signal.
GASPEC Electronic Design
The null balance at the source chopping frequency is assured provided the gain of the system is constant between the balancing and measurement frequencies. An additional benefit from the above continuous dynamic balance procedure is that of GASPEC calibration. It is convenient to monitor the temperature difference between the pair of reference blackbodies BB2 and BB3 and to compute the radiance difference from these two internal sources. Then by measurement of the amplitude of the output voltage from the reference detector due to this known radiance input, one has a continuous and dynamic calibration output of the sensor system response. Similarly, a measurement of the temperature of BB1 and the source voltage signal from the sample arm detector provides a convenient radiometric means of determining the effective temperature of the background source being viewed.
Laboratory Experiments
Three GASPEC units capable of monitoring CO, CH 4 , C2HE, and 1IC have been assembled to date, two in the 3-5-gm region and one in the 8-15-,um region. The detectors used have included liquid nitrogen cooled photoconductive HgCdTe and photoconductive InSb and thermoelectrically cooled (243 K) photoconductive PbSe. The latest instrument that has evolved from continuous development of the previous two is the second generation design described in detail in this paper. Upon assembly of these instruments a variety of laboratory and field experiments were carried out to evaluate the performance of each instrument. Some of these experiments are described below, and a summary of the test data is given in Table I .
Radiometric Calibration
Before attempting to evaluate instrumental parameters such as sensitivity and specificity to the intended target gas, a radiometric calibration of the individual gas cell detector arms was carried out. This was performed by placing a commercial blackbody source directly in front of the GASPEC and recording the radiometric output. From this reading and knowing the source radiance, an absolute radiometric sensitivity was calculated. The GASPEC was then zero balanced while observing a spectrally flat blackbody source in the sensor field of view by adjusting a trim resistor to alter the electronic gain of the reference arm.
The performance of the instrument under the effect of varying source intensities was evaluated by adjusting the temperature of the blackbody source until zero output was obtained on the S 2 radiometric output, that is, the source blackbody radiance was made equal to the radiance from BB1. The zero signal or noise equivalent radiance was recorded under these conditions at the SI -S2 output. The blackbody source was then cycled through a temperature range of 30°C.
A measure of the range over which the sensor remained in dynamic balance was thus obtained. Figures 3 and 4 show some data obtained during the tests of the GASPEC balance range.
Sensitivity measurements were carried out as absorption experiments because of the difficulty, in emission, of containing the target gas without introducing a large radiance from the test cell windows. The three instruments were tested by placing a 10-cm test cell with 1-ml Mylar windows in the optical path between the sensor and the calibrated blackbody source. The test cell was filled with target gas to a prescribed partial pressure and back filled with dry nitrogen to obtain a known amount of target gas. Measurements were made with the test cell and blackbody at known temperatures. The sensor response to calibrated amounts of research grade test gases in the test cell was recorded and the SNR1 calculated. The absorption curve of growth for the response to CO at the blackbody source temperatures of 610C is shown in Fig. 5 , exhibiting the expected nonlinear effect. As can be seen from the illustration the response is nonlinear beyond about 500 ppm-M CO. The total vertical CO burden in the atmosphere is about 103 ppm-M, well within the detection range of the sensor, although slightly beyond the linear re- 0. Fig. 6 . Instrument interferent rejection to C0 2 , which is a potential interferent to CO at 4.6 Mm.
gion. Any small changes in the ambient concentration of CO will be detected above this background.
Interferent Rejection
Carbon dioxide and water vapor are the two most prevalent atmospheric gases that have spectral features extending over much of the ir spectral region where most potential target molecules have vibration-rotation structure. The major interferents to CO detection at 4.6 m are N 2 0, C0 2 , and H20.
Specificity tests to determine the interferent rejection ratio of the CO GASPEC were carried out with a calibrated source spectral radiance of 3.8 X 10-4 W cm-2 sr-t gm-1 at the sensor input. A 10-cm absorption cell was again placed in the path of the instrument and a known amount of CO injected into the cell. Figure 6 shows the instrument response to a further calibrated amount of the potentially interferent CO 2 . The sensor required a change in the background burden of CO 2 by more than 1000 ppm-M before the noise equivalent amount of CO was recorded.
Environmental Stability
One strong design feature of the GASPEC is its immunity to thermal effects in the optical train. Evaluations of the limits over which the continuously calibrating reference signal was able to compensate for thermal gradients within the first generation GASPEC were thus carried out. The instrument sample cell was heated through the 23 0 -36 0 C temperature range while observing an ambient temperature source and producing an offset of 20 X NEN (noise equivalent radiance). This offset is considered to have been due to the difference in reference beam and signal beam interference filter widths in the early design, combined with the redistribution of sample gas absorption line spectra with temperature. In the second generation instrument the reference and signal beams pass through a common interference filter, and this thermal offset problem has been removed.
A thermal gradient test was carried out by raising the temperature of a gold coated mirror in one arm of the first generation sensor from 21 0 C to 51 0 C, producing no measurable response at the output. The temperature of the outer cover of the instrument was also raised by 30 0 C, again producing no response at the output and demonstrating instrument stability to ambient temperature fluctuations.
Long-term stability and thermal drifts within the sensor have also been evaulated, and it was found that after initially balancing against flat input spectral radiance, the instrument was free from drift over an elapsed period of up to 10 h, after the initial warm up period of approximately l h. Ten hours was the approximate daily operating period when the sensor was in the field. This long-term stability was reproduced from day to day throughout various field programs carried out over the past year.
These results reflect some inherent advantages of the reference stabilized GASPEC design and its ability to overcome thermal problems.
Field Experiments
Some preliminary field measurements have been carried out from a mobile platform with the sensor field of view pointing vertically upward. These target gas emission studies were made for traverses through areas where increases in both CO and CH4 were expected. On one occasion the CO sensor was installed in a Canada Centre for Remote Sensing DC-3 aircraft, and measurements were made with the GASPEC field of view pointed vertically downward through a 300 m path.
In the downward mode of operation from the DC-3, small CO changes within the vertical column were obtained over Arnprior and Shawville, small towns near Ottawa, Ontario. Increasing CO signals were also obtained while flying across Ottawa. On the one occasion when the sensor was airborne the ground was snow covered while the air temperature was -25 0 C. Because of the Planck function dependence on the GASPEC response, these conditions were far from ideal for making measurements. The sensor sensitivity was reduced by at least 1 order of magnitude at these cold temperatures over the sensitivity expected for summertime conditions, where greater air-surface temperature differences are expected to occur. The measurements carried out from the truck mounted system have met with a considerable degree of success, and plumes of both CO and CH 4 have been monitored on separate occasions and are illustrated in Figs. 7 and 8. Increases in CO concentration were found at major traffic intersections and along freeways around Toronto. These increases were as large as 1800 ppm-M. CH 4 plumes were located in the vicinity of gas processing plants and were monitored up to 1 mile (1.6 km) downwind from the source. From the values of CH 4 generated it was possible to carry out dispersion calculations and obtain values for the CH 4 strength at its source.
Conclusion
A sensitive and highly stable gas filter correlation spectrometer has been developed incorporating a continuous balance and calibration technique. Some preliminary field measurements of CO and CH 4 plumes have been carried out. While the data obtained have been primarily of a qualitative nature, some quantitative calculations of anthropogenic methane source strengths based on GASPEC measurements have been carried out.
Sensitivity measurements in the tens of ppm-M range at 300 K emission temperature of integrated gas burden in the atmosphere were obtained for CO, CH 4 , and C 2 H 6 . For HC, with the detectors used, the sensitivity was in the hundreds of ppm-M range at 300 K. In the near future these preliminary measurements will be repeated with the second generation GASPEC with its greater sensitivity, when detection limits improved by an order of magnitude are expected.
A continuing program of development is planned in which further quantitative measurements will be attempted for additional trace gases, and complementary meteorological measurements will be made in order to further study the sources, sinks, and atmospheric dynamics of trace gases in the environment. 
